T he craniovertebral junction (CVJ) is an elaborate anatomical region that comprises the clivus, foramen magnum, and the atlantoaxial complex. CVJ abnormalities are especially relevant in the pediatric population. Many studies have documented the association between these lesions and disorders such as Down syndrome, osteogenesis imperfecta, juvenile rheumatoid arthritis, Klippel-Feil triad, and Morquio syndrome, among many others 16, 19, 24 Additionally, neoplastic lesions constitute an important category of CVJ pathology in children. Although usually benign, these tumors are often resistant to chemotherapy and radiation, thus requiring surgical excision.
tous and neurovascular anatomy, surgical management of CVJ disorders has been uniquely challenging. 10, 22 Traditionally, the transoral route has been the "gold standard" to ventral CVJ lesions. This approach, however, often necessitates invasive procedures, such as glossotomy and splitting of the soft palate to decompress lesions located high above the level of the palate. Significant oropharyngeal morbidity has led to prolonged hospitalization and slowed recovery. 8, 9, 18 Advances in surgical techniques and neuroimaging modalities have allowed the development of several imageguided, minimally invasive approaches to the CVJ, including the endoscopic endonasal approach (EEA). 6, 7, 11, 12, 14, 15, 20, 21 This approach avoids the oropharyngeal complications of the traditional, open transoral approach, while providing a direct, less traumatic, and shorter route to the rostral CVJ. 3 Several studies have demonstrated the feasibility of this approach to the entire ventral midline skull base in pediatric patients. 12, 15, 23 One of the restrictions of the EEA to the CVJ, nonetheless, is its limited caudal exposure. Our group has previously described a novel method, the nasoaxial line (NAxL), to accurately predict the caudal limit of the EEA in adults. 2 In this radiological anatomical study, we use the NAxL to predict the caudal limitation of the EEA in children. We also quantitatively measured several anatomical parameters that are relevant to the endonasal corridor in different pediatric age groups. Understanding the anatomical limitations of the EEA to the CVJ in children is a vital part of optimal preoperative planning for surgical management of various pathologies relevant to this complex area.
methods

Patient selection
The research protocol was approved by the Institutional Review Board at University of Florida College of Medicine Jacksonville to review CT scans of patients 18 years of age or younger. Scans were performed for evaluation of sinusitis between March and June 2013. Patients with skull base abnormalities as detected by the CT scan were excluded from the study. Patients with misaligned scans, defined as greater than 5° of deviation from the midsagittal plane, were also excluded. A total of 39 patients with normal skull base anatomy and evenly aligned scans were identified, and stratified to 4 groups according to age at the time of the scan.
measurements
Axial scans with slice thicknesses varying between 0.625 and 1.25 mm were loaded into OsiriX medical imaging software (version 4.1.2; Pixmeo). Images were then reconstructed in the sagittal plane. Distances were measured in millimeters and angles were measured in degrees.
Measurement techniques were similar to those previously described by our group. 2 Most importantly, the NAxL is constructed in the midsagittal plane, starting from the midpoint of the distance between the rhinion (Rh) to the anterior nasal spine (ANS) of the maxillary bone and passing through the posterior nasal spine (PNS) of palatine bone. The hard palate line (HPL) passes from the ANS to the PNS. The 2 lines intersect at the PNS, forming the vertex of the angle of attack (AOA). Both lines are then projected posteriorly to the CVJ. All other measurements are summarized in Table 1 and illustrated in Fig. 1 .
statistical analysis
The intersection of the NAxL with the odontoid process of C-2 was described for each age group using simple descriptive counts. The Fisher's exact test was used to compare the positions of the intersection across the 4 age groups. Multivariable analyses were used to investigate the effect of age, sex, and interaction between age and sex on the different anatomical parameters relevant to the endonasal corridor. Because sex and the interaction of age and sex were not significant in any of these parameters and the addition of these terms did not improve the fit (using the corrected Akaike information criterion 1, 13 ), the models were refit with only age as a predictor (i.e., as univariable models). Least-square adjusted means were estimated and, if there was a significant difference among the 4 groups (p < 0.05), the age groups were compared pairwise with a Tukey-Kramer adjustment for multiple comparisons. Lastly, analysis of covariance was used to investigate the effect of the length of the hard palate (HPLe) on the working distance of NAxL to the odontoid process of C-2 (NC2), controlling for age, sex, and the interaction between age and sex. This model estimated a slope coefficient for relating HPLe to NC2, yielding an expected unit change in NC2 per unit change in HPLe.
results
The CT scans of 39 children were analyzed, with a mean age of 10.8 years and standard deviation of 4.41. Median ages for each age group were as follows: 5.2 years (3-6 years old; n = 10), 9.1 years (7-10 years old; n = 10), 13.3 years (11-14 years old, n = 10), and 16.2 years (15-18 years old; n = 9). No CVJ pathology was noted. The scans were analyzed for the anatomical parameters discussed above. Table 2 demonstrates the intersection of the NAxL with the odontoid process of C-2. Among the 39 children, the NAxL intersected the upper third of the odontoid process in 25 while intersecting the middle third in the remaining 13 children. The location of the intersection of the NAxL with C-2 was similar across the 4 age groups (p = 0.23). The NAxL did not reach the odontoid process in only 1 child (13.7-year-old male).
A summary of the anatomical measurements relevant to the endonasal corridor is shown in Table 3 , and agerelated changes in nasopharyngeal anatomy are illustrated in Figs. 2 and 3.
For the anatomical structures that affect the EEA to the CVJ, the piriform and choanal apertures, and the hard palate, patient age was the only variable that predicted the dimensions of these structures. There were significant differences among the age groups for piriform aperture height and width (p = 0.0005 and p = 0.037), choanal height and width (p < 0.0001 for both), and HPLe (p = 0.0028). There were no significant differences among the age groups for the remaining anatomical parameters.
For piriform aperture height, there was a significant difference between age group 1 (mean = 20.8 mm) and age group 3 (mean = 27.1 mm; adjusted p = 0.0004), and between age group 1 (mean = 20.8 mm) and age group 4 (mean = 25.9 mm; adjusted p = 0.005); other pairs of means were not different from one another (Fig. 2A) . While there was a significant difference among the age groups for piriform aperture width, no pair of means differed with the Tukey adjustment (Fig. 2B) .
The mean choanal height and width were significantly different when comparing either age group 1 or group 2 with either age group 3 or group 4 (all p ≤ 0.01), after Tukey adjustment for multiple comparisons; other pairs of means did not differ from one another ( Fig. 2C and D) . The mean HPLe for age group 1 (mean = 40.2 mm) was significantly different from age group 3 (mean = 46.0 mm; p = 0.008) and age group 4 (mean = 46.4 mm; p = 0.005), after Tukey adjustment for multiple comparisons; other pairs of means did not differ from one another (Fig.  3) . The HPLe was a significant predictor of NC2 (p < 0.0001) when controlling for sex, age group, and interaction between sex and age group. For each 1-mm increase in HPLe, NC2 increased by 1.22 mm (95% CI 0.89-1.58 mm), while all other variables in the model were held constant.
discussion
The EEA has been established as an alternative surgical approach to the entire ventral midline skull base, from the cribriform plate to the foramen magnum. In our previous adult cadaveric-anatomical study, we determined that the inferior limit of the EEA can be accurately predicted by the NAxL. 2 In this radiological anatomical study, we explored the anatomical limitations of the EEA in 39 children between 3 and 18 years of age with normal skull base anatomy. Using the NAxL to predict the lower limit of the EEA, we found that the predicted inferior limit of the EEA reaches as far as the middle third of the odontoid process of C-2. In about two-thirds of the children, the predicted inferior limit of the EEA was the upper third of the odontoid process, while in the remaining one-third, the predicted inferior limit was the middle third. These findings are comparable to the results from our adult study, in which we demonstrated the caudal extent of the EEA to be the upper half of C-2. 2 The termination of the NAxL on the odontoid process (NC2) can be used to approximate the working distance of the EEA to the CVJ.
We found that the dimensions of the piriform aperture and choana and the length of the hard palate progressively increase with age. The most rapid increase in size was observed in age group 3 (11-14-year-olds), which likely corresponds to the rapid growth changes during puberty, explaining the larger difference in these parameters when comparing age groups 1 and 2 (children younger than 10) with age groups 3 and 4 (those older than 10). These agerelated changes provide evidence that the skull base also undergoes a "growth spurt" during puberty.
Few studies have attempted to characterize the anatomical changes and growth patterns that take place during the skull base developmental process, with the majority of these studies focusing on sphenoid bone development, pneumatization, and intercarotid distance at different intracranial levels. Tatreau et al. 25 assessed the piriform aperture as a potential restriction site to the endonasal approach in children. It was shown that the width of the piriform aperture, measured as the maximal transverse distance on the coronal plane, increases steadily across the different age groups, with a significant difference only between infants younger than 2 years and adults. In our study, we found a similar progressive increase in the width of the piriform aperture, measured on the axial plane, but statistically significant increases were detected earlier, starting in children older than 10 years.
Endonasal anatomical restriction sites were further studied by Banu et al., 5 measuring the maximum distances between the middle and inferior turbinates. However, no clear growth patterns were observed using this method. In our study, these measurements correspond most closely with the axially restricting choanal width, which we have shown to increase significantly in children older than 10 years. In fact, the mean choanal width in children between 3 and 10 years old was 20.5 mm, divided by the vomer into approximately two 10.25-mm apertures. This presents an important anatomical limitation of the endonasal corridor in children; thus, the uninostril approach possible in older children and adults may not be feasible in younger children. Considering the need to advance surgical instruments through the choanal aperture, even with resection of the posterior nasal septum, the small working space imposed by the choana may necessitate a binostril approach in young children.
Banu et al. 4 also evaluated working distances from the nares to various intracranial targets, such as the odontoid process. The nare-dens distance, measured as the horizontal distance between the anterior nasal spine and the odontoid process of C-2, was found to increase steadily across age groups. However, based on our previous study, 2 the distances reported using this method likely result in an overestimation of the working distance to the CVJ using the EEA.
There are some limitations to our study. Due to the lack of availability of pediatric cadaveric specimens, this study is purely radiological, given that anatomical dissections are not feasible. Thus, the inferior limits of the EEA in children, as predicted by the NAxL, need further clinical or cadaveric validation. Also, only children with normal skull base anatomy were included in this study, making the results not generalizable to children with anatomical skull base abnormalities, such as basilar invagination. The size of the nares was not included in our analysis due to the considerable variability in the anatomical orientation of the nares and the consequent absence of a reliable and accurate radiological method to measure its dimensions. The small sample size of the study may also limit our findings. Lastly, our study did not include children younger than 3 years old, and the applicability of the EEA and its caudal limitation in this age group remain uncertain and necessitates further assessment.
conclusions
The EEA is an established alternative approach in the surgical management of ventral CVJ lesions in adults but has not been as well studied in children. In this study, we used the NAxL method to predict the caudal limit of this approach in different age groups of children with normal skull base anatomy. We predict that the EEA can expose as far inferiorly as the middle third of the odontoid process of C-2. We also demonstrated the changes in the size of the piriform and choanal apertures and the HPLe with age, with the most significant changes occurring during puberty. The findings in this study shed more light on the development of the pediatric skull base and can assist in the presurgical planning of pediatric patients with CVJ pathology. This study provides the surgeon with knowledge regarding the endoscopic skull base anatomy in children as well as a tool, the NAxL, to assess the inferior limit of the EEA to the various pathologies encountered in this complex region.
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